the environment in East Germany is in a catastrophic state. Water and air pollution is so bad that it is no longer simply a matter of cleaning up the environment but one of restoring the most basic living conditions. Clean up in East Germany initially occurred as a by-product of unification; low demand for products and energy led to a collapse of almost the entire industrial and agricultural structure in East Germany, sharply decreasing emissions between 1989 and 1991. This was followed by air pollution controls implemented between 1992 and 1996 (4, 5) . A decade has passed since the German reunification, and it is timely to examine the results of these structural changes and decreased emissions on the air quality.
The sharp change in emissions in the past 10 years has been an opportunity for a natural experiment to evaluate the health impacts of air pollution. For example, decreases in total suspended particles (TSP) and sulfur dioxide between 1991 and 1995 were associated with decreased prevalence of infectious airway diseases in East German children (6, 7) . Additionally, Erfurt, a city in former East Germany, was the site of several large-scale epidemiologic studies during the 1980s (8) and early 1990s (9) concerning the health effects of air pollution. Since this time, the composition of Erfurt's ambient air has changed, and assessments of the effects of these changes on the health status of the former East German population are currently in progress (10) .
Current particulate air pollution health effects research is focused on evaluating biologic mechanisms that may explain the epidemiologic associations (11) . Exposure assessment and analysis of the composition of ambient particles and the impact of specific sources is of special interest. Most epidemiologic studies have assessed exposure of the study population in terms of particulate mass concentrations (i.e., in micrograms per cubic meter), which are measured for specific particle cut sizes. For example, the mass concentrations of particles with aerodynamic diameters (d a ) ≤ 10 µm or 2.5 µm provide PM 10 or PM 2.5 concentrations, respectively. Seaton et al. (12) suggested that ultrafine particles (particles with diameters < 0.1 µm) could be a component of the ambient particle mixture that is responsible for the observed health effects and suggested a mechanistic hypothesis. Because ultrafine particles do not contribute significantly to the total mass of particles, measurements based only on mass concentrations do not accurately represent the concentrations of ultrafine particles; thus ultrafine particles have been quantified in terms of particle number concentrations. Several epidemiologic studies have evaluated the impacts of ultrafine particle levels. In Erfurt, an increase in the number of ultrafine particles was associated with a decrease in peak expiratory flows (PEF) of asthmatic adults, which was stronger than the effects of PM 10 (13, 14) . In Erfurt, associations have also been found between ultrafine particles and medication use by asthmatics and symptom reporting by coronary heart disease patients (15) . A study in Finland on the PEF of asthmatic children did not indicate a stronger association with ultrafine particles, but consistent and significant results were obtained with PM 10 and black smoke exposure metrics (16) .
From extensive monitoring conducted in Erfurt throughout the 1990s, including gravimetric methods and aerosol size spectrometry, the concentrations of particles both in terms of their mass and number have been followed over time. Detailed assessments of the size distribution of particles have also been undertaken. For example, during the winter of 1991-1992, the mean number concentration was largely composed of ultrafine particles (72%), whereas the bulk of the particle mass (83%) was due to accumulation mode particles, which are in the size range of 0.1-0.5 µm (17) . Since this time, the mass concentrations of fine particles (PM 2.5 ) have decreased by 72%; however, the overall number concentrations have remained constant, with particles < 0.03 µm increasing by 82% (18, 19) . Due to the potential health risks associated with ultrafine particles, the source of the observed increases in recent years is of immediate concern. Additionally, identification of important sources contributing to ambient concentrations of ultrafine particles may provide useful information to support the development of reduction policies in this and in other locations.
Two source categories that are large contributors to air pollution and that have undergone significant change in East Germany since the unification include energy production (power plants and residential heating) and vehicles (5) . As was common throughout East Germany before the unification, lignite (brown coal) was the major fuel, meeting approximately 70% of the region's energy requirements (4) . Lignite has high sulfur content, and its combustion results in high emissions of SO 2 and particulate matter (PM) when burned (20) . At the time of unification in 1990, lignite-fired power plants in the former East Germany operated with minimum emission controls. Since this time there have been large reductions in emissions of particles and SO 2 from these sources due to the shutdown of old plants, transition from the use of coal to liquid and gaseous fuels, reduction in the sulfur content of coal, and retrofits of lignite-fired power plants with flue gas desulfurization systems (4, 5, 21) . West German plants had already achieved emission reduction in the 1980s; thus the unification of East and West Germany brought together two power-generation systems. Thuringia, the state in which Erfurt is located, is an industrial region. It still has higher atmospheric SO 2 concentrations relative to other German states (with values sometimes > 50 µg/m 3 ), but much lower than in 1990 or earlier, when annual SO 2 average concentrations were > 150 µg/m 3 (5) .
Concurrent with the changes in energy production, mobile sources have undergone transitions. Due to the absence of other available vehicles, the car fleet in East Germany was largely composed of "Trabants" prior to unification. These were small cars with 26 horsepower, two-stroke engines and visibly high exhaust emissions (1) . After unification the fleet was replaced with vehicles produced largely by Western countries (1), which had comparatively modern engine technology, including three-way catalysts. Additionally, during this same period, diesel-powered vehicles have become more common throughout Western Europe (22, 23) . Further, most motorcycles during the preunification period were equipped with two-stroke engines.
Significant changes in fuels and combustion processes associated with energy production and motor vehicles in East Germany have occurred, and these have likely impacted the ambient pollutant concentrations over time. In this study we used a unique database of particle size measurements and continuous gaseous air pollutant data from Erfurt to initially describe their temporal patterns during the 1990s. Furthermore, we assessed the extent to which the observed changes in particle size distribution are associated with changes in specific emission sources-namely, energy-and traffic-related combustion sources.
Methods
Data collection. Erfurt (population approximately 201,100) is a city in the state of Thuringia, Germany, approximately 200 m above sea level and about 100 km east of the former east-west border. It lies on a flat plain, surrounded on all sides by a 100-m high ridge, except toward the north. This geography favors wintertime inversions, which result in elevated levels of ambient air pollution during this season. Local air pollution sources include motor vehicles, residential heating, small-scale industry, and district heating plants. Suburban areas contain large apartment complexes that are heated with steam supplied by a large coal-burning power plant located several kilometers northeast of the city center. The inner city has a large historical center where buildings were heated by individual coal furnaces until the time of reunification. Ambient particulate, gaseous, and meteorologic data were collected in Erfurt throughout the 1990s and have been used previously in numerous epidemiologic and exposure assessment studies (13, 17, (24) (25) (26) (26) . In previous work, PM 10 and sulfate measurements from this site were found to be significantly correlated (Spearman rank correlations: 0.69-0.85) with those made at other locations within Erfurt, although some spatial variability was evident during periods of low wind speed.
The number concentrations (NCs) of ambient fine particles were determined with a mobile aerosol spectrometer (MAS) as previously described by Brand et al. (27) . The MAS is a combination of two instruments that measure different size ranges. Particles with diameters between 0.01 and 0.5 µm are quantified using a differential electrical mobility sizer (DMPS). The DMPS consists of a differential electrical mobility analyzer (TSI Model 3071; TSI, St. Paul, MN, USA) used to classify the particles by their electrical mobility, which are then counted by a condensation particle counter (TSI models 3760, 3010). Particles with diameters between 0.1 and 2.5 µm are classified with an optical laser aerosol spectrometer (LAS-X; Model LAS-X; PMS Inc., Boulder, CO, USA). The instruments used at the Erfurt site are described in more detail elsewhere (17, 28) . Overall, the particle number distribution of the ambient aerosol (using the 13 different size channels from the DMPS and 15 channels for each of 4 size ranges from the LAS-X) was measured every 6 min. The mass distribution of particles was determined from the number distribution basing calculations on a mean particle density of 1.5 × 10 3 kg/m 3 , and an assumption of spherical particles (17) . Sulfate concentrations were determined from 24-hr PM 2.5 Harvard Impactor (with the addition of a citric acid-coated honeycomb denuder for acidity sampling) measurements taken on a daily basis during winter 1991 and every second day after 1995. Filters were analyzed for SO 4 2-by ion chromatography. We measured nitric oxide separately from nitrogen dioxide with a twochannel chemiluminescence monitor (models NH3OM, AC31M; Environment S.A., Poissy Cedex, France). Sulfur dioxide was measured via UV absorption (Model AF21M; Environment S.A.). Both monitors operated on a continuous basis, producing 3-m averaged measurements. Temperature, relative humidity (Model FR3205-M; RCI, Planegg, Germany) and windspeed sensors were mounted on the sampling shelter, thereby providing continuous meteorologic data. Additionally, hourly measurements for SO 2 , TSP, NO, and CO from as early as 1990 was available from governmental monitoring stations (Thueringer Landesanstalt fuer Umwelt).
Data analysis. The continuous number concentration data obtained from the DMPS and LAS-X channels were only stored for certain size classes, from which we chose three ranges for analysis. The smallest fraction included particles with diameters between 0.01 and 0.03 µm (NC 0.01-0.03 ), thus capturing the lowest measurable portion of ultrafine particles (ultrafine particles are usually defined as particles with sizes up to 0.1 µm). The second size class included particles with diameters between 0.03 and 0.5 µm (NC 0.03-0.5 ), covering the upper portion of the ultrafine mode and the lower portion of accumulation mode particles (which are defined as particles between 0.1 and 1.0 µm). The largest size class contained all particles in the size range between 0.5 and 2.5 µm diameter (NC 0.5-2.5 ), thus including the upper portion of the accumulation mode as well as fine-mode coarse particles. These size class divisions were slightly different from previous reports using these measurements, since the continuous data needed for hourly assessments was stored for limited size classes only (13, 14, 17, 28) .
From the calculated mass distribution, PM 2.5 concentrations were determined by adding over all particle size ranges between 0.01 and 2.5 µm. For all NC, PM 2.5 , gaseous (NO, NO 2 , CO, SO 2 ), and meteorologic variables (temperature, relative humidity, wind speed), the measurements from each hour were averaged. The resulting hourly measurements were then used to obtain 24-hr (daily) averages. For SO 4 2-only daily averages were available. We used daily averages to assess the distributions of individual pollutants as well as their temporal patterns. For most variables, measurements during the 1991 monitoring period were only taken from 1 October 1991 to 31 March 1992; no summer data were collected. In addition, gaseous measurements for January to March 1992 were not available. Due to these gaps in the data, two distinct time periods were chosen for further comparative analyses: 3-month time windows from October to December were compared for the years 1991 and 1998.
Analyses included t-tests for differences in mean concentrations between these years. We created hourly profiles by plotting the median values for each hour of the day for each time period (for NC, NO, CO, and SO 2 ). These data were stratified by weekday and weekend periods. To visually compare hourly time series for the different pollutants, the hourly median values were standardized by calculating their percentage of the daily average concentration. Hourly data were subsequently assessed by linear regression analyses using the univariate general linear model procedure in SPSS version 9.0 (SPSS, Chicago, IL, USA). We predicted NC fractions using year and weekend/weekday as fixed factors and NO and SO 2 concentrations as covariates. Autocorrelation of measurements over time was addressed by using the hour of the day as an additional fixed factor. We also investigated effects of two-way interactions between the independent variables. Variables were not transformed for these analyses. For ease of comparison, effects of NO and SO 2 were assessed in the same models, although there was a relatively high correlation between them (Spearman rank correlation, 0.67); their effects as covariates in separate models were similar.
Results
Trends over time. Due to incomplete hourly data for several of the pollutants at various times within the period 1990-1999, we focused analyses on two shorter periods for which complete data were available: October-December of 1991 and 1998. These periods were also selected because they represent the extremes of long-term trends in concentrations for most pollutants ( Figures  1-4 4 2-, and 91% for SO 2 . In contrast, NC 0.01-0.03 increased by 115%. The NC 0.01-0.03 :TSP ratio changed from 78 to 394, which is a 5-fold increase from 1991 to 1998. The NC 0.01-0.03 :PM 2.5 ratio changed by a factor of 8, from 83 to 686. These ratios emphasize the drastic shift of the aerosol size distribution toward the smaller, ultrafine particles from 1991 to 1998. Relative humidity was slightly higher in 1998 relative to 1991 (p < 0.001), while ambient temperatures were similar during the two periods. The mean windspeed was lower in 1998 than in 1991.
From these initial observations we developed several hypotheses to evaluate the impact of various sources that have changed over time. First, the main fuels used for energy production have changed from brown coal to natural gas. Lowering the PM emissions from high-sulfur coal combustion could lead to the decreases observed for NC 0.03-0.5 and NC 0.5-2.5 . Such decreases could in turn lead to decreases in particle scavenging, thus allowing the NC 0.01-0.03 fraction to increase. Particle scavenging may occur when large numbers of fine and coarse particles provide surface area onto which ultrafine particles diffuse and readily aggregate. Reductions in the emissions of these larger particles could reduce the available surface area and therefore increase the atmospheric residence time of ultrafine particles. Second, there has been an influx of Western-style vehicles employing modern engine technology in eastern Germany. It has been hypothesized that improved efficiencies associated with modern combustion engines result in more complete combustion and larger proportions of particles < 0.03 µm. Increases in the number of diesel vehicles in Erfurt could also contribute to increased ultrafine particle counts.
As there was no direct measure for attributing changes in these sources to changes in ambient particle concentrations, we evaluated the hour-to-hour changes in the concentrations of gaseous pollutant markers in relation to each particle size fraction. Gaseous pollutants and particle size fractions showing similar temporal structures were assumed to have arisen from the same sources. For our purposes, hourly SO 2 data were used as an indicator for coal-fired power generation and residential heating, and NO and CO data were used as indicators for traffic-related emissions. Temporal patterns in energy production. Ambient sulfur oxide gases are formed largely when fuels containing sulfur, such as coal and oil, are burned (20) . In East Germany before the unification, sulfur-rich coal was typically used as a source of energy for industry and heating purposes (4). Homes were either heated by individual coal-burning ovens or through long-distance steam pipelines fed by coal-fired power plants. SO 2 was used as a marker of such heating-related combustion.
In 1991, morning SO 2 peaks were more prominent during the week compared to the weekend ( Figure 5 ). This pattern is consistent with morning peaks being due to energy use by industry during the workday. Evening SO 2 peaks occurred to the same extent on weekends as during the week, and these were thought to be related to home heating. These curves are consistent with typical home heating patterns during this period. The 1998 profiles were much weaker, with an altered hourly pattern. No longer were morning and evening peaks observed; rather, only one prominent and prolonged mid-day increase was present.
Supplemental data on energy production were gathered to help explain the observed changes in SO 2 concentrations. Over the past 9 years, the percentages of homes heated locally (60%) compared to those heated by long-distance steam pipelines (40%) did not change, but the sources of energy used by either route did (Table 2 ). In the Erfurt area there were four power plants in operation before unification, three of which were subsequently shut down between 1990 and 1993; the fourth plant was retrofitted. Between 1991 and 1998, the use of coal by power plants decreased by 84% and was replaced by a 3-fold increase in natural gas consumption. Also, between 1992 and 1995, the use of coal for residential heating decreased by 45%. Additionally, the sulfur content of coal was reduced from 2% in 1991 to 1.7% in 1993, after which the percentage remained constant. The decreased use of coal and increased use of gas can explain the large difference in SO 2 concentration between 1991 and 1998 in Erfurt. The small SO 2 elevations during the day in 1998 could be due to the remaining coal that was still used at this time or due to regional transport.
Temporal patterns in traffic. NO and CO are important air pollutants associated with motor vehicle emissions (20) . On-road motor vehicles contribute up to 35% of the total nitrogen oxides (NO x ) emissions in the United States, of which more than 95% of NO x from light-duty, gasoline vehicles is released as NO (29) . Hourly NO and CO profile plots (Figures 6 and 7 ) support the use of these pollutants as traffic indicators in Erfurt. During the week, morning NO and CO peaks were observed that corresponded to the morning rush hour. In 1991, these morning NO and CO peaks occurred slightly earlier than morning SO 2 peaks, supporting the difference in sources of these pollutants: NO and CO arising from travel to work and SO 2 being emitted from factories in operation during the workday. Unfortunately, no traffic count data were available with which to directly verify the observations. Peaks in NO and CO concentrations did not occur to the same extent on weekends, likely due to less traffic on the road. Over time, the weekday morning traffic peak shifted: in 1998, the peak occurred an hour later and was longer. This could be due to changes in work patterns that delay and lengthen the rush hour. Before unification, morning shifts in large factories usually started at 0700 hr. After the shutdown of the large plants and the implementation of flexible work hours, traffic was likely shifted toward start of regular business hours around 0900 hr.
We collected supplementary data on vehicles in Erfurt to help explain the reductions in NO and CO concentrations and differences in the timing of concentration peaks between 1991 and 1998. In Erfurt, the total number of vehicles (cars, motorcycles, trucks) over the last 7 years did not change (Table 3) . However, a large increase (268%) in the percentage of trucks and a large decrease in the number of vehicles equipped with two-stroke engines, including a drastic decrease in the number of motorcycles (83%), was observed. The fraction of trucks with diesel motors has been steadily increasing in Germany in the past 20 years, from 58% in 1980 to 88% in 1999 (30) . Since 1990, the number of diesel trucks in Gemany has doubled (30) .
In terms of cars, the total number has doubled in East Germany since 1991 (5) . In Thuringia, the number also increased by a factor of 1.6 (30), although in Erfurt, the number of private cars increased only slightly (15%) between 1990 and 1998 (Table 3) . However, the composition of the private car fleet has likely changed dramatically in eastern Germany due to modern technology and diesel motors. For example, even though the proportion of diesel cars in Thuringia (7-8%) has been lower than in the country (13%) during the 1990s, the total number of diesel vehicles has more than doubled since 1992, increasing from 11% to 16% of the total on-road vehicle population (30) . Relating emissions to particle levels. The emissions from heating and traffic (as assessed by SO 2 and NO/CO) were related to particulate measurements to determine the effect of these sources on the ambient particulate mix. Standardized weekday hourly profile plots (which combined the number concentrations of the three size classes of particles and the gases) were created (Figures 8-11 ) and regression models using these variables (except CO) were constructed (Table 4) . We conducted visual and statistical analyses to assess the patterns over time (between 1991 and 1998) , between weekdays and weekends and between the hours of a day.
From the regression models, the NC 0.01-0.03 fraction was significantly lower in 1991 compared to 1998, as also shown by the ratio comparisons ( Table 1) . As indicated by the weekend/weekday factor (Table  4) , all particle fractions were significantly lower on weekends compared to weekdays. This supports traffic and energy production (when combining industry and residential sectors) as contributors to all size fractions, as they are both expected to be higher during the week. Both visual assessments of the hourly profiles and regression models indicated significant positive associations between all particle size fractions and both of the gaseous pollutants, NO and SO 2 . Considering interactions between winter and the gases (winter × NO, winter × SO 2 ), the effects of both NO and SO 2 on NC 0.01-0.03 were significantly different in 1991 compared to 1998. This suggests that the influences of both traffic and energy production on NC 0.01-0.03 have changed over time.
Reviewing these results and the literature, there are several reasons to suggest that traffic is the major factor associated with the observed increase in NC 0.01-0.03 . First, due to their tendency to aggregate, ultrafine particle number concentrations are more likely to be elevated near sources (31) . Considering the location of the monitoring stations in Erfurt, the influence of power plants on ultrafine particles in this study is likely small compared to the influence of vehicles. Second, Figures 8 and 10 show that morning NC peaks of all particle sizes in both years occur earlier than the morning SO 2 peak. Thus, particles at this time of day were not likely associated with power plant emissions. Instead, the temporal patterns of the curves coincided well with the curves for NO and CO, suggesting that traffic was associated with the morning NC peaks of all size fractions. Indeed, from the winter × hour interactions, NC 0.01-0.03 in 1991 was significantly lower in the morning (approximately 0700-1000 hr) compared to the same hours in 1998. This supports the hypothesis of a change in source for NC 0.01-0.03 , especially during the morning hours. This is consistent with motor vehicles as a major source because motor vehicles have undergone a changed hourly pattern over time.
The hourly profile plots also suggest that home heating was associated with the evening trends of larger particles. The NC 0.03-0.5 and NC 0.5-2.5 fractions followed the SO 2 level with respect to timing in the afternoon. In 1998, there were no prominent afternoon peaks for these larger fractions or for SO 2 , which could be expected if home heating with coal were much reduced in this year. Therefore, SO 2 in 1991 was found to be associated with large particle levels in the evening, which we believe to be due to residential coal burning. For both 1991 and 1998, all morning particle peaks were associated with NO and CO. Because winter × hour interactions indicated the hours of 0700-1000 hr as being significantly different for NC 0.01-0.03 between the two years, we suggest that changes in motor vehicle emissions between 1991 and 1998 (composition of vehicle fleet, driving patterns, emission controls) have contributed to the increase in NC 0.01-0.03 . 4 5 6 7 8 9 10 11 12 13 14 15 16 
Discussion
Time-series plots revealed considerable seasonal variability of all pollutants in Erfurt, East Germany, with high concentrations during the winter months (October-March) compared to the summer months (AprilSeptember). Such seasonal patterns were expected considering the tendency for winter inversions in the Erfurt region and the use of coal and other fuels for heating during the winter. Due to less complete combustion under colder climatic conditions, automotive emissions are usually also increased during colder months of the year. These data also demonstrate the drastic change in ambient air quality that has occurred in Erfurt after the 1990 unification of East and West Germany. As direct methods of establishing and quantifying the sources contributing to particulate matter, source apportionment techniques such as chemical mass balance or factor analysis methods can be used. Lacking a complete emissions inventory or analysis of particle constituents, we were not able to perform a direct source analysis at this time.
However, by using markers of sources for which we had data and analyzing how these markers varied over the course of the day in 1991 compared to 1998, our goal was to assess to the extent to which changes in specific sources have affected various particle size classes. Regressions between NC and SO 2 and NO indicate major influences of power plants, residential coal combustion, and road traffic on the number concentrations of particles in Erfurt. A limitation in our analysis was the comparison of only two seasons of data, although these where chosen to be representative of a documented trend of changing air pollutant concentrations over the 1990-1999 period.
Before unification, lignite-fired power plants in former East Germany operated with minimum emission controls (21) . Coal consumption data demonstrated that significant power plant retrofit programs and changes in residential heating worked to sharply decrease SO 2 concentrations in Erfurt. Decreases in the use of coal were reflected in decreased levels of ambient SO 2 and PM 2.5 . Comparing to the current U.S. Environmental Protection Agency's (U.S. EPA) National Ambient Air Quality Standards (NAAQS), PM 2.5 levels were in excess of the 65 µg/m 3 standard 67 times during winter 1991 (October-March), compared to only 6 times during winter 1998. Similarly, the 24-hr NAAQS for SO 2 of 365 µg/m 3 was exceeded 6 times during winter 1991 (October-March) and was not exceeded at all after 1995.
Our first hypothesis for the observed increases in the smallest ultrafine particles considered decreased ultrafine particle scavenging due to fewer NC 0.03-0.5 and NC 0. suggests that decreased particle scavenging is a possible mechanism for retaining high numbers of small particles in the air. Our analysis suggested that residential coal burning was associated with afternoon peaks of larger particles in 1991. This relationship faded over time due to decreases in coal consumption and consequent decreases in the NC 0.03-0.5 and NC 0.5-2.5 fractions. If decreases in coal use have affected the concentrations of large particles, then changes in this emission source have potentially contributed to decreased scavenging of smaller particles.
The second hypothesis regarding the increase in NC 0.01-0.03 considered traffic as the cause, and we focus the discussion of this hypothesis in the following paragraphs. Vehicle emissions were found to be associated with the morning peaks of all particle size fractions. However, significant differences in the morning NC 0.01-0.03 in particular, between 1991 and 1998, suggested that vehicle emissions in 1998 were directly producing larger numbers of NC 0.01-0.03 . This result is supported by a study conducted in the United Kingdom, which also found that ultrafine particles dominate the number count and that number count data give a clear indication of recent road traffic emissions (32) .
Supplemental data indicated that the total number of vehicles did not change in Erfurt between 1991 and 1998; however, the composition of the vehicle fleet did change. Although there are no available data, the proportion of two-stroke cars in the Erfurt vehicle fleet has decreased dramatically since 1991. Additionally, trucks increased in number by a factor greater than 3, and motorcycles decreased by a factor greater than 5. The percentage of vehicles with diesel motors increased from 11% to 16% between 1992 and 1998, doubling in number. These changes are likely a combination of increased diesel usage in all of Germany and Western Europe as well as the societal and structural changes that have taken place as a result of unification.
Diesel emissions are a significant air pollution issue. Estimates from the U.S. EPA indicate that diesel vehicles contribute 27% of on-road NO x and > 60% of on-road PM emissions (33). Kirchstetter et al. (34) found heavy-duty diesel trucks to be much higher emitters of NO x , PM 2.5 , SO 4 2-, and black carbon than light-duty vehicles. Additionally, heavy-duty diesel engines were found to emit 15-20 times more fine particles than lightduty vehicles per unit mass of fuel burned (34) . There is also evidence suggesting diesel engines produce particles of smaller sizes. When assessing particles from all mobile sources, mass distributions peak between 0.1 and 0.2 µm particle diameter (35) . Of two medium-duty diesel vehicles tested, Kleeman et al. (35) found particle number size distributions peaking at 30 nm and 50 nm particle diameter. Several studies have demonstrated new diesel vehicles as higher emitters of ultrafine particles in comparison to diesel engines with older technology (32, 36) . For example, Bagley et al. (36) found that a 1998 diesel engine delivered 15-35 times the number of particles than a 1981 engine produced, although the total mass was reduced. This was due to a 30-to 60-fold increase in the number of smaller primary particles (36) .
As stated in our second hypothesis, increases in the number of trucks and other diesel-powered vehicles may be contributing Abbreviations: WE_WD = 0, weekend; WE_WD = 1, weekday. Independent variables, indicated in the rows, were regressed against each of the particle size fractions indicated in the columns. For the two periods, winter 1998 is compared to winter 1991 as the reference value. For day of the week, weekdays are compared to weekends as the reference value. directly to increased ultrafine particle concentrations. Also, changes in engine technology leading to combustion that is more complete could be a cause for increasing numbers of ultrafine particles. In a review of diesel emissions studies, Yanowitz et al. (37) reported that emissions of CO and PM have fallen steadily in the last 10 years which is consistent with the findings discussed above (35, 36) . Engine technology that decreases PM increases the efficiency of combustion, thereby also lowering CO and total hydrocarbon emissions. However, no changes in average NO x emissions of diesel vehicles have been observed (37, 38) . NO x and PM emissions are inversely correlated, which is the main barrier to lowering diesel emissions (37) .
In Erfurt, NO concentrations did not increase along with the increase in the number of trucks. In fact, NO concentrations decreased by > 50% between 1991 and 1998. This was likely due to changes in engine technology that took place during the 1990s. For example, introduction of the three-way catalysts on gasoline-powered, light-duty vehicles has been mandatory on all new cars sold within the European Union since January 1993. A trend analysis between 1986 and 1994 for 15 Swedish cities confirmed that the real-world efficiency of the three-way catalyst corresponds to a reduction in NO x emissions from the average vehicle by at least 80-90% (39) . Because the majority of NO x from automobiles is in the form of NO, NO from these vehicles has decreased over time. Therefore, the observed 50% decrease in NO, although less than expected from the introduction of three-way catalyst-equipped, light-duty vehicles, may be explained by the increased number of trucks with comparatively high NO emissions.
Overall, decreases in the concentrations of larger particle fractions were largely associated with the decreases in coal combustion that occurred during the 1990s. Changes in vehicle composition and emissions were reflected in a changed hourly pattern of NC 0.01-0.03 and were thought to be the cause of increased number concentrations of these ultrafine particles. However, the exact contribution of vehicle and fuel types was not analyzed, and emission rates have been found to vary significantly with vehicle classification and driving conditions, among other parameters (35, 37, 40) . There have been suggestions on how to distinguish between gasoline and diesel vehicles in source apportionment studies, for example, by using polycyclic aromatic hydrocarbon profiles created to represent the local fleet of vehicles (41) .
